The complete nucleotide sequence of a naturally occurring Staphylococcus aureus plasmid, pT48 (from S . aureus strain T48), has been determined. The 2475 bp plasmid confers inducible resistance to macrolide-lincosamide-streptogramin B (MLS) type antibiotics. It is similar to the constitutive MLS resistance plasmid, pNE 13 1, from Staphylococcus epidermidis and shows homology with S . aureus plasmids pSN2 and pE194. It contains a palA structure homologous to that on S . aureus plasmid pT181. The open reading frame, ORF B, within the pSN2 homologous region has a frameshifted C-terminus, relative to pNE 131, resulting in a smaller, 158 amino acid putative polypeptide. The pE 194 homologous region has the ermC resistance determinant and retains the leader region, deleted in pNE131, required for inducible expression of an adenine met hylase. Another naturally occurring S . aureus strain, 574, shows constitutive resistance to erythromycin and contains a small plasmid, pJ74, which is similar to pNE131 but with a different deletion in the leader sequence. The results are consistent with the translational attenuation model for ermC expression.
I . C A T C H P O L E A N D O T H E R S
plasmid pE194 (Horinouchi & Weisblum, 1982) . Expression of ermA and ermC determinants is inducible by erythromycin. Nucleotide sequence analysis and molecular studies of ermC have led to the postulation of a model for this regulation (Dubnau, 1984; Weisblum, 1984) . The mechanism involved is post-transcriptional (Gryczan et al., 1980; Horinouchi & Weisblum, 1980) and, by analogy to the transcriptional attenuation seen in amino acid biosynthesis genes (Kolter & Yanofsky, 1982) , is described as translational attenuation.
There have been a number of reports in the literature of small, 2.0-2.5 kb, MLS-resistanceconferring plasmids, both in S . aureus and in Staphylococcus epidermidis (Bastos et al., 1980; Iordanescu & Surdeanu, 1980; Parisi et al., 1981 ; Keller et al., 1983) . Such plasmid-borne MLS resistance is generally constitutive, but the sequence of the plasmid pNEl3 1 from S . epidermidis shows strong homology with ermC (Lampson & Parisi, 1986a, 6 ). pNE131 has a 1074 bp region of homology with pE194 which contains the determinant ermM, almost identical to ermC apart from a 107 bp piece, absent in the former. This results in the loss of some of the complementary base-pairing regions within the 5' leader of the ermM mRNA which are critical for inducible expression of ermC (Lampson & Parisi, 1986a; Dubnau, 1984; Weisblum, 1984 ). An almost identical plasmid to pNE131, found naturally in Bacillus subtilis, pIM13, has also recently been sequenced (Monod et al., 1986) .
In this paper we present the complete nucleotide sequence (2475 bp) of a naturally occurring S . aureus plasmid, pT48. Although similar to pNE131, it retains all the complementary repeats required for the inducibility of ermC expression, some of which are deleted in the S . epidermidis plasmid. A further S . aureus plasmid, pJ74, is described. This bears close homology to pNE131, but has a different mRNA leader deletion, resulting in constitutive MLS resistance. A region of pT48 homologous to the small cryptic S . aureus plasmid pSN2 (Khan & Novick, 1982) is also discussed, together with features of the remainder of pT48, in relation to the replication of this and other small S . aureus plasmids (Gruss et al., 1987; Novick et al., 1987) .
METHODS
Organisms, growth conditions and plasmids. Escherichia coli strains JM 103 and JM107 were obtained from Bethesda Research Laboratories and were grown in 2 x TY medium (Yanisch-Perron et al., 1985) .
S. aureus strains were grown in CY medium as described by Dyke & Noble (1984) . Strains T48 and 574 were originally isolated from infected patients in Miami, Florida, USA, and London, UK, respectively. pT48 was the only plasmid present in strain T48, whereas 574 contained, in addition to the 2.5 kb erythromycin-resistanceconferring plasmid, pJ74, a 3.2 kb plasmid, thought to be involved in conferring resistance to cadmium ions (unpublished observations). Strain RN4220, a restriction-minus derivative of the 8325-N strain, which contains neither antibiotic resistance markers nor plasmid (Fairweather et al., 1983) , was used as a host for transfer of plasmids by the polyethylene glycol protoplast fusion technique (Gotz et al., 1981) , to obtain strains with single plasmids in the same background.
Tesrs for inducible or Constitutive nature of MLS resistance. The inducible or constitutive nature of MLS resistance was determined on solid medium using erythromycin (10 pg) and tylosin tartrate (500 pg) discs, as described by Weisblum et al. (1979) .
Plasmid preparation and restriction endonuclease analysis. Plasmid DNA was prepared by a cleared lysate procedure and purified by caesium chloride/ethidium bromide density-gradient centrifugation as described by Novick et al. (1979) . Plasmid pJ74 (2-5 kb) was separated from the 3.2 kb 574 plasmid by low-melting-point agarose gel electrophoresis and isolated by standard DNA fragment purification procedures (Maniatis et al., 1982) . Restriction endonuclease maps were determined for pT48 and pJ74 using single and double enzyme digestions and any ambiguities were resolved using the nucleotide sequence data. Restriction enzymes were purchased from a variety of sources : Amersham, Boehringer Mannheim, New England Biolabs and Bethesda Research Laboratories ; they were used according to the manufacturers' instructions.
Nucleotide sequence determination. Restriction enzyme fragments from pT48 and pJ74 were cloned into the M 13 filamentous phage vectors mplO, mpll, mp18 and mp19 (Norrander et al., 1983) . DNA sequence was determined by dideoxynucleotide chain termination in the presence of [ c~~~S ]~A T P (Sanger et al., 1977) . Labelled fragments were separated on buffer-gradient polyacrylamide/urea gels (Biggin et al., 1983) . Klenow fragment and T4 DNA ligase were supplied by Boehringer Mannheim. Deoxynucleotides, dideoxynucleotides and [a3SS]dATP were purchased from Amersham. All were used in accordance with the manufacturer's instructions. 
RESULTS AND DISCUSSION
Nucleotide sequence of pT48 A restriction enzyme map of pT48 was obtained using standard techniques and this is shown partially in Fig. 1 . This also demonstrates the sequencing strategy used to determine the complete nucleotide sequence of pT48, shown in Fig. 2 . In both figures the same HindIII site is used as the reference point for base-pair numbering. Overlapping sequences were obtained for all the sites used for cloning into M13 except for the unique BcZI and SstI sites, and a single HindIII site. The sequence was determined on both strands for about 65% of pT48. The plasmid contains 2475 bp.
Nucleotide sequence of part of pJ74 The size and restriction enzyme map of pJ74 is indistinguishable from that of pT48 except for the loss of a unique HaeIII site and a deletion of about 70 bp between the unique SstI and BclI sites of the latter plasmid. pJ74 confers constitutive MLS resistance whereas pT48 confers inducible resistance. To determine the molecular basis for this difference the small SstIIBcl I fragment of pJ74 was cloned into M13mp19 and the sequence determined in one direction from the SstI site (see Fig. 1 ). This sequence is shown in Fig. 3 ; the 235 nucleotides obtained encompass the region of the deletion and the absent HaeIII site with respect to pT48.
Comparatiue analysis of plasmid sequence data The nucleotide sequence of the S. aureus plasmid pT48 is similar to those of S. epidermidis plasmid pNE131 (Lampson & Parisi, 1986b) and B. subtilis plasmid pIM13 (Monod et al., 1986) . It also contains regions homologous to the S. aureus plasmids pE 194, conferring MLS resistance (Horinouchi & Weisblum, 1982) , and pSN2, cryptic (Khan & Novick, 1982) . A comparison of these homologies and the structural features of the homologous plasmids are shown, together with plasmids pJ74, in Fig. 4 . The differences between the six plasmids are discussed in the following sections.
(a) Region of homology to pEl94. pT48 contains a 1182 bp region of homology to pE194, beginning at nucleotide 911 (Fig. 2) , which includes the ermC gene conferring a 23s rRNA methylase and the leader region controlling its expression (Horinouchi & Weisblum, 1982) . This region is basically the same as in plasmid pNEl31, the major difference being a 107 bp deletion in the leader region of the latter plasmid. Exactly the same deletion is found in the B . subtilis constitutive MLS resistance plasmid pIM13 (Monod et al., 1986) . The regions specifying the methylase and the leader are discussed separately. The only differences between pT48 and pNE131 within the pE194 homologous region which is not involved in MLS resistance are (see Fig. 2 ): within pT48 with respect to pNEl31 there is an extra G at nucleotide 962 (also present in pIM13), a G at nucleotide 2019 instead of a C , and a GT at 2060-2061 instead of a TG; an A is absent between nucleotides 2061 and 2062; and there is an insertion of the dinucleotide TT as bases 2079 and 2080. The differences are all as in pT48 in the sequence of pE194, except for the latter TT insertion which is absent (Horinouchi & Weisblum, 1982) . 
I . CATCHPOLE AND OTHERS
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ClaI/Hinf I RsaI pE194 homology (Horinouchi & Weisblum, 1982) . The codon usage of these two ermC genes is compared with that of the ermM methylase (from pNE 13 1) and the similar gene from pIM 13 in Table 1 . All four methylases are 244 amino acids long. The methylases conferred by pT48 and pNE131 share identical amino acids apart from positions 142 and 145, where in both cases Leu in pT48 has changed to Phe in pNE131. The pIM13 methylase is identical to that of pNE131 apart from codons 134 and 142, which are as in pT48 for the B. subtilis plasmid. The methylase specified by pE194 shows four further changes from that of pT48 and, therefore, six in all from that of pNE131. Most of the changes significantly alter the type of amino acid found in that position and therefore must represent amino acids that have no significant role in methylase function. The differences represent point mutations distributed throughout the gene. These changes, taken together with those in the rest of the pE194 homologous region, imply that, within the process of genetic drift, pT48 is more closely related to pE194 than is pNEl31 or pIM 13, for this region. It is interesting that for pJ74, where only the first 48 codons of the methylase are known (Fig. 3) , codon 42 is as in pNE 13 1. This represents a change of C to G from pT48 to pNEl3 1 and pJ74. In all cases it results in the loss of the unique HaeIII site found in pT48.
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( i i ) Leader region controlling methylase expression. For pE 194 a translational attenuation model has been proposed to explain the inducibility of its ermC gene by sub-inhibitory concentrations of erythromycin (Dubnau, 1984; Weisblum, 1984) . The molecular basis of this model relies upon the translation of a 19 amino acid leader peptide (Dubnau, 1985) and the presence of six complementary base-pairing regions 5' to the methylase-coding region (Horinouchi & Weisblum, 1982) . This is known as the ermC leader region. An identical region, apart from an extra A at nucleotide 1748 (Fig. 2) , can be found in plasmid pT48, which also shows inducible ermC expression. The other plasmids for which this region has been sequenced, pJ74 (Fig. 3) , pNE131 (Lampson & Parisi, 1986a ) and pIM13 (Monod et al., 1986) all confer constitutive MLS resistance. The leader regions of these plasmids show large deletions with respect to pT48 (see Fig. 4 ): 71 bpforpJ74(1783-1852 bp)and 107 bp forpNE131 andpIM13 (1737-1842 bp) . These data are shown in Fig. 5 together with a schematic representation of the control of ermC expression in pT48. The Pribnow box (-lo), transcription start site, leader peptide and ShineDalgarno sequences (1 and 2) are so designated from their identity to such features in pE194 (Horinouchi & Weisblum, 1982) . The region shown in Fig. 5 is identical to that in plasmids pJ74, pNE131 and pIM13 apart from the differences shown. Fig. 5 shows the simplest interpretation of the translational attenuation model (Dubnau, 1984; Weisblum, 1984) as applied to pT48. The methylase encoded by ermC mediates N 6 , N 6 -dimethylation of adenine in 23s rRNA and this results in reduced affinity of the 50s ribosomal Fig. 5 , but the mechanism works at the mRNA level. In (a), the uninduced state, only SD-1 is accessible to ribosomes, so only the leader peptide is translated. SD-2 is sequestered within the energetically favourable complementary base-paired structures shown and methylase is not expressed. In the presence of erythromycin, ribosomes can stall whilst translating the leader peptide and can stabilize the active conformation shown in Fig. 5(b) . In this instance, the region C1 is prevented from binding its complementary repeat C2, and now the more energetically favourable situation is for C2 to bind C3, thus freeing region C4. This unmasks SD-2, allowing the methylase enzyme to be translated (Dubnau, 1984; Weisblum, 1984) . In the case of pJ74, both the leader peptide and region C1 are deleted, leaving its ermC mRNA leader effectively stuck with C2 and C3 paired as in conformation (b). This can explain why MLS resistance is constitutively expressed in pJ74. A similar phenotype is shown by pNE 13 1, but as can be seen in Fig. 5 (b) , both the deletion and the explanation for constitutivity are slightly different. In pNE131, the leader peptide, Cl, C2 and C3 are deleted, so that no complementary base-pairing regions can form. However, the leader region is again fixed in a conformation in which SD-2 is permanently exposed, and so methylase expression is constitutive. Both of these naturally occurring deletions are similar to those obtained in vitro with pE194, either by growth of bacterial strains on tylosin plates (Horinouchi & Weisblum, 198 l) , or generated by Ba131 exonuclease digestion (Hahn et al., 1982) , to produce constitutive mutants. Indeed, the 3' end-point of the deletion in pJ74 (at nucleotide 1783 in pT48) exactly matches the 3' end of one such mutant selected on tylosin (Horinouchi & Weisblum, 1981) . The role of antibiotic usage in the clinical environment in producing such constitutive mutants has been discussed (Lampson & Parisi, 1986a) .
It is interesting that the extra A-T base-pair found at nucleotide 1748 in pT48, but absent in the equivalent region of pE194, results in greater stability of both the C2 : C3 and C3 : C4 complementary base-paired structures (Horinouchi & Weisblum, 1982) . In both cases this is by virtue of an extra A : T base pairing. The equivalent region in pJ74 contains a G-C base-pair which lowers the energy of the C2 : C3 structure by creating an interior loop, instead of a bulge loop (as in pE194), in the base-paired secondary structure (Tinoco et al., 1973) .
(b) Region of homology to pSN2. pT48 has 87% homology to an 878 bp region of the cryptic S. aureus plasmid pSN2 (Khan & Novick, 1982) , from nucleotides 33 to910 (Fig. 4) . This includes a 158 amino acid ORF designated ORF B by its similarity to the equivalent ORF in pNE131 (Lampson & Parisi 1986b ). These two ORF Bs have identical DNA sequences apart from the deletion of two bases (AG) between nucleotides 93-94 in pT48, which results in a C-terminal frameshift. As a consequence, ORF B in pT48 is four amino acids shorter than in pNE 13 1, and its final eight amino acids are different. The C-terminus of the pT48 ORF B is the same as that of the pSN2 ORF apart from two changes of Asp to Glu at amino acids 152 and 158 (Khan & Novick, 1982) . The equivalent ORF in pIM13, ORF 3, is truncated with respect to that of PT48 due to a deletion from nucleotide 2464-109 in the former plasmid compared to the pT48 sequence. This results in the removal of the final 14 amino acids of the pT48 ORF and their replacement by only two: Ile and Asp (Monod et al., 1986) . The ' -10' and ' -35' sequences, and the Shine-Dalgarno 'ribosome-binding site' are assumed to be as in pNEl31 (Lampson & Parisi, 1986 b) .
pSN2 has been shown to direct the synthesis of 20 kDa and 12 kDa polypeptides in coupled transcription-translation systems, based on cell extracts, in vitro. This is presumably due to its ORF (Khan & Novick, 1982) . Although the function of the encoded polypeptide/s is unknown, a role has been suggested in plasmid replication and maintenance for the pIM13 ORF 3 which appears to encode only a 16 kDa polypeptide (Monod et al., 1986) .
The only other differences between pT48 and pNE131 within this region are: a T insertion at nucleotide 52, the sequence TCGCT (bases 873-877) is reduced to CTG in pNE131 (the pT48 sequence is also seen in pSN2 and pIM 13), and nucleotide 904 is a C instead of a T, again as in pSN2 (See Fig. 2) . It is interesting that one end of the pSN2 homology in pT48 (nucleotide 33: Fig. 2 ) stopsjust before the beginning of a short inverted repeat in pSN2 (Khan & Novick, 1982) . This is thought to be the transcription stop signal for the mRNA encoding the pSN2 ORF polypeptide. The equivalent mRNA in pT48 must, therefore, use a different transcriptional stop signal.
(c) Remainder oJ'pT48. The remaining 413 bp of pT48 bears no extensive DNA sequence homology to either pE194 or pSN2, and contains two large palindromic structures: (i) palA (Fig.  6 ) and (ii) inverted repeat (IR) (Fig. 7) . There are a number of nucleotide sequence differences between pT48 and pNE131 within this region, which are not involved in the formation of the palindromic structures. For pT48, there is an A instead of a T at nucleotide 2100, a C at base pair 21 15 not a T (the latter difference generates a HgiAI site in pT48, not seen in pNE 13 I), and there is an 11 bp insertion at nucleotides 2294-2304, with respect to pNE131, 9 bp of which are duplicated in the immediate 3' sequence (see Fig. 2 ). This latter insertion is also seen in pIM 13 (Monod et al., 1986) .
(i) palA. This is an imperfect palindrome of about 156 bp from nucleotides 2132 to 2289 in pT48 (Fig. 6) . It is designated palA by analogy to other such structures seen in many other small S. aureus plasmids (Gruss et al., 1987; Novick et al., 1987) . The lowest free energy value, AG, for the pT48 palA structure (Fig. 6) , is estimated at -45.8 kcal mol-l (191.6 kJ mol-l) (Tinocoet al., 1973) . Such structures are thought to be origins of replication for negative-strand DNA synthesis. Studies on one S. aureus plasmid, pT181, have shown that upon deletion of palA, single-stranded DNA, equivalent to the displaced plus strand in replication, accumulates more than in the wild-type plasmid (Gruss et al., 1987; Novick et al., 1987; Te Riele et al., 1986a, b) . The palA regions of other small S . aureus plasmids are thought to have similar roles. Such structures were originally defined as recombination hot-spots (RS-B) for plasmid co-integrate formation (Novick et al., 1984) . Consistent with this is the presence of an RS-B core sequence at one end of the pT48 structure (Fig. 6 ) as seen in other palAs. This means that only 38 bp separate the ends of two specific recombination sequences in pT48 : RS-B and RS-A, seen at one end of the pE194 homologous region (2026-2092 nucleotides) . Despite the fact that pT48 contains two common recombination sequences involved in the co-integrate formation of several small S. aureus plasmids, it is still not clear how (or whether) pT48 was formed by recombination between pSN2 and pE194. The origin of the 413 bp region unrelated to pSN2 is also still unknown. The pT48 palA is very different to those of both pSN2 and pE194 and shows considerable homology to that of the S . aureus plasmid pT181 (Gruss et al., 1987; Novick et al., 1987) . There is just one difference between the palA sequence of pT48 and pNE131, a deletion within the former sequence of an A between nucleotides 2136-2137 (see Fig. 2 ). The extra A is also absent in pIM13 (Monod et al., 1986) .
(ii) Inverted repeat (IR). An imperfect inverted repeat of approximately 70 bp is shown as its lowest free energy structure, a palindrome of AG about -45.5 kcal mol-I (190.4 kJ mol-I) in Fig. 7 (Tinoco et al., 1973) . The palindrome encompasses nucleotides 2369-32 in pT48, and similar structures have not been seen in other S. aureus plasmids. The deletion in pIM13 from nucleotide 2464-109 in the pT48 sequence also results in the loss of most of this palindrome, although inverted repeats of about 21 bp are still present (Monod et al., 1986) . It is as yet unclear if this structure has a defined function but it may be postulated to act as a transcriptional terminator for the mRNA encoding the ORF B polypeptide, although it is a little large for such a structure. It may also have a functional role in the resolution of pT48 multimeric replication complexes to supercoiled plasmid monomers (unpublished data, this laboratory). Plasmid pIM13 is naturally highly multimeric (Monod et al., 1986) . It is interesting that one edge of the palindrome starts exactly as one end of the pSN2 homologous region finishes, i.e. at nucleotide 32 (see Fig. 7 ). There are three changes within this region in pT48 compared to pNE131: the C present at nucleotide 2386 is a T in pNE131, a C is inserted at base pair 2423 in the former plasmid and there is the deletion of an A between nucleotides 2435-2436 in pT48. The latter two differences are as in pT48 for pIMl3 and lead to increased stability of the structure shown in Fig.  7 for pT48.
Evolution of staphylococcal MLS resistance plasmids It seems likely that inducible MLS resistance plasmids such as pT48 represent an evolutionary intermediate between plasmids like the cryptic pSN2 and the inducible MLS resistance plasmid pE194; and constitutive MLS resistance plasmids such a$ pJ74 and pNEl31. However, the direction of this evolutionary relationship between pT48, and pSN2 and pE194 is not so clear.
It is also probable that mutations changing inducible MLS resistance to the constitutive phenotype can occur independently in different clinical environments. Transfer of such a mutated plasmid from S. aurdus to S. epidermidis, rather than in the opposite direction, is implicated on this occasion (Lampson & Parisi, 1986 b ; Cohen et al., 1982) . Transfer to B. subtilis followed by further mutations also seems likely in the case of pIM13 (Monod et al., 1986) .
Note added in prwJ Whilst this paper was in press, a report of the nucleotide sequence of another S. aureus plasmid, pE5, conferring inducible MLS resistance was published (Projan et al., 1987) . The sequence of pE5 is nearly identical to that of pT48.
